Organic-walled dinoflagellate cysts and acritarchs are a vital tool for reconstructing past 27 environmental change, in particular in the Neogene of the high northern latitudes where 28 marine deposits are virtually barren of traditionally used calcareous microfossils. Yet only 29
Introduction 79
Due to the nearly complete absence of biosiliceous and calcareous microfossils in Neogene 80 deposits at high northern latitudes, organic-walled marine palynomorphs (dinoflagellate cysts 81 and acritarchs) are important proxies for the establishment of a regional biostratigraphy and 82 paleoenvironmental reconstructions in the Arctic and sub-arctic realm (e.g. Schreck Reconstructions of Neogene high latitude paleoceanographic and paleoclimatic 96 variability relies heavily on marine palynomorphs, which are often the only microfossil group 97 with a continuous record in pre-Quaternary sediments in this region. However, when going 98 further back in the Neogene, palynomorph assemblages are increasingly dominated by extinct 99 species of which the ecological affinities are poorly constrained. Therefore, it is of crucial 100 importance to unravel the (paleo)ecology of these Neogene marine palynomorphs in order to 101 improve their application for paleoceanographic studies in a region essential for 102 understanding the Cenozoic transition from greenhouse to icehouse climates.
In the past decades, significant progress has been made in deciphering theextinct species, and refines previous ecological interpretations that where solely based on 130 biogeographic distribution and stratigraphic ranges. Ultimately, our study enhances the 131 application of fossil palynomorph assemblages for paleoenvironmental reconstructions in the 132
Neogene of the Arctic and subarctic seas, and improves our understanding of 133 paleoceanographic implications of assemblages that do not have a modern analogue. 134
135

Material and Methods 136
Material
137
Located on the eastern Iceland Plateau (69°14.989' N, 12°41.894' W; 2035.7 m water depth; 138 distinguished based on their siliciclastic, biogenic calcareous, and biogenic siliceous contents 142 (Fig. 2) . Unit III is subdivided into Subunit IIIA which is nannofossil ooze bearing, and 143
Subunit IIIB lacking calcareous nannofossils, but having higher biogenic silica content 144
(Shipboard Scientific Party, 1995). 145
Previous studies (e.g. Schreck et al., 2012 used the revised composite 146 magnetostratigraphy of ODP Site 907 (Channell et al., 1999) (see Schreck et al., 2012 for details). Two Lycopodium clavatum tablets were added to each 158 sample during the HCl treatment to calculate palynomorph concentrations (Stockmarr, 1977) . 159
The residue was sieved over a 6 μm polyester mesh and mounted with glycerine jelly on 160 microscope slides. Hole 907B (not shown on Fig. 2 ), all palynological data have previously been published by Schreck et al. (2012 (Fig. 1) . In a second 220 step, the n=1492 database was restricted to 101 samples (n=101 database) located in the 221 show that extant species (both dominant and less abundant) occurring in fossil assemblages 247 have a similar temperature distribution compared to today, and that these SST reconstructions 248 can therefore be used to assess temperature ranges of extinct species. In contrast to the study 249 
2) Seasonality of production 286
In the Nordic Seas, a generally restricted production period has been observed and the export 287 of fossilizable plankton groups (including dinoflagellates, coccolithophores, foraminifera) 288 The same limitations as discussed for dinocysts also apply to production of 304 coccolithophores in high latitude settings. In the modern Nordic Seas, the production of 305 coccolithophores is significantly higher (factor of 10) during summer than in the non-306 production period from late autumn to early summer due to the availability of light for 307 photosynthesis (Andruleit, 1997; Schröder-Ritzrau et al., 2001), and high cell densities are 308 usually not observed before August (Samtleben et al., 1995) . This is also documented by thevertical flux of coccolithophores recorded in sediment traps (Samtleben and Bickert, 1990) . 310 Therefore, we interpret the alkenone-derived SSTs to reflect summer SSTs in the study area. Despite the fact that dinoflagellate cysts and alkenone producing coccolithophores have a 323 comparable habitat and seasonality in the study area, certain limitations apply to this 324 approach. In particular, dispersal with ocean currents has to be considered when comparing 325 fossil and modern species distribution (Dale and Dale, 1992) , but also alkenone distribution 326 record the warm end of species distribution rather than its minimum SST requirements. Due 344 to these limitations, we refrain from defining exact upper and lower temperature limits for the 345 occurrence of extinct species, but rather provide temperature ranges in which extinct species 346 occurred based on independently derived SST estimates. We note that additional data from 347 different sites needs to be incorporated into the developing paleo-database to allow for more 348 precise assessment of species temperature affinities. restricted stratigraphic ranges with well-defined range tops. This is exemplified in clusters of 378 highest occurrences (HO) in the early Late Miocene and Early Pliocene (Fig. 3) . From the 86 379 samples with SST estimates (see above) 18 were virtually barren (< 50 palynomorphs 380 counted, Fig. 2 ). These 18 samples have been removed from the dataset due to the large 381 statistical uncertainty introduced by the low number of counts. Of the remaining 68 samples, 382 48 samples yielded more than 350 cysts while 7 samples contained less than 150 cysts (Figs. 383 2 and 4). In order to account for the variability in the number of counts per sample and to 384 evaluate the statistical error it introduces, we have calculated the simultaneous confidence 385 interval (95%) for each sample using the method of Sison and Glaz (1995) , which takes the 386 total number of counts per sample into account, but also the distribution of counts for each 387 individual species. This corresponds to confidence intervals on the relative abundance of ± 388 0.6 to ± 12.9% in any given sample, and an average of 5.3% on the entire dataset (Fig. 4) . In 389 general, higher count numbers result in smaller confidence intervals (represented by larger 390 dots in Figs. 5-8 ) and are thus more reliable. This allows to objectively assess the reliability 391 of the relative abundance and avoid over-interpretation. 392
In summary, this study provides 68 samples with marine palynomorph relative 393 abundance calibrated to SST estimates from the Miocene through Pliocene. The temperature 394 affinities of extinct species discussed in the text are summarized in Fig. 9 . warm Miocene, where it occurs at SSTs ranging from 15 to 24°C (Fig. 5) 
where present-day summer SSTs are around 5°C. It is only a minor component of the ODP 422
Site 907 dinocyst record and thus the data has to be treated with caution due to the 423 uncertainties related to the low numbers of counts. However, our paleo-dataset suggests a 424 preference for warm waters during the Neogene in accordance with its present-day and its 425
Plio-Pleistocene distribution, indicating a similar lower limit on its occurrence as observed 426
today (> 15°C). 427
Nematosphaeropsis labyrinthus exhibits a broad temperature range in both the Mio-428 Pliocene Iceland Sea (Fig. 5, 7-26°C ) and the modern ocean (-1.8-30°C). Its Neogene 429 distribution compares particularly well at the warm end of its temperature distribution with 430 both present-day datasets (n=1492 and n=101), but clearly misses elevated relative 431 abundances below 5°C. A similar distribution is observed in the n=204 paleo-database (De 432
Schepper et al., 2011), which compares favourably with our data. However, both paleo-433 datasets (n=204 and this study), do not facilitate comparison at the lowermost end of this 434 species present day SST range as they only contain two samples with temperatures < 5°C 435 compared to the strong representation of this temperature interval in the modern dataset. 436
Nonetheless, it is interesting to note that N. labyrinthus becomes successively more abundant 437 over the course of the gradual Neogene cooling observed in ODP Hole 907A (Fig. 3) . Besides 438 few exceptions, however, relative abundances > 40% are confined to the interval from 8 to 439 15°C in both paleo-datasets, while such relative abundances are observed between 7-12°C in 440 the present-day distribution of this cosmopolitan species. 441
Ataxiodinium choane occurs in subpolar to temperate regions of the Northern 442
Hemisphere today and has been rarely observed in the Southern Hemisphere (Zonneveld et al,  443 2013). In the Mio-Pliocene of the Iceland Sea, it occurs at temperatures ranging from 8 to 444 21°C, exceptionally as high as 26°C, which is similar to its present-day distribution in the 445 In contrast, the Middle Miocene to Pliocene record of Impagidinium pallidum suggests 464 a preference for warmer conditions than its distribution in the modern ocean. Today this 465 species occurs at SSTs ranging from -2.1 to 25.7°C (Zonneveld et al., 2013) , but is most 466 abundant (> 10% of the assemblage) in the Northern Hemisphere at SSTs ranging between -467 1.8 and 6.5°C, clearly suggesting a cold-water affinity (Fig. 5, de Vernal et al., 2013) . This 468 species apparently has a similar overall SST range (7-26°C) and reaches highest relative 469 abundance (6-8% of the assemblage) at the colder end of its temperature spectrum (7-10°C) 470 in the Mio-Pliocene Iceland Sea, but does not exhibit increased abundances at similarly lower 471 temperatures as observed in the present-day database. In fact, I. pallidum never constitutes 472 more than 10% to the dinocyst assemblage at ODP Site 907, which is in contrast to its high 473 relative abundance in the present-day Iceland Sea (Matthiessen, 1995; Marret et al., 2004) . eastern North Atlantic, is in clear contrast with its present-day distribution (Fig. 5) , which 483 suggests other factors, such as nutrient availability, may play a decisive role in controlling its 484 occurrence. While its present-day distribution reflects affinities with cold and rather 485 oligotrophic environments this might have been different in the past. However, we note that 486 the modern database does not include warm oligotrophic sites. It is worth mentioning, that I. 487 pallidum is stratigraphically long-ranging and extends back into at least the Middle Eocene 488 (Bujak, 1984; Head and Norris, 1989) . Its existence during those periods, which were muchwarmer than today, already suggests some tolerance for warmer conditions. Moreover, its 490 longevity, in particular from the late Paleogene to the present-day, also suggests a potential 491 for adaption to changing environments. However, given the fact that I. pallidum reaches 492 highest relative abundances in the present-day Nordic Seas and the eastern Arctic Ocean 493 (Matthiessen, 1995) , reduced habitat competition in these hostile environments may also 494 explain the observed differences. On the other hand, it may also reflect the existence of two 495 cryptic species and therefore explain the observed differences in distribution. We therefore 496 corroborate the questionable value of I. pallidum as a reliable cold-water indicator in older 497 (Fig. 6) . 510 The species stratigraphically restricted to the Miocene (Cerebrocysta irregulare, 546
Cordosphaeridium minimum, Operculodinium centrocarpum s.s., Impagidinium elongatum, 547
Batiacasphaera hirsuta, and Labyrinthodinium truncatum) all show a preference towards 548 higher temperatures (Figs. 7 and 9) . Cerebrocysta irregulare, Cordosphaeridium minimum, 549
Operculodinium centrocarpum s.s. and Impagidinium elongatum are all confined to the early 550 Late Miocene and occur at SSTs between 19 and 26°C, with only one sample recorded at a 551 lower temperature (16°C) outside this restricted SST range. All four species disappear around 552 10.5 Ma when temperatures permanently drop below 20°C (Figs. 2-3 ). In addition, 553 siliciclastic sedimentation becomes predominant and the first drop stone is recorded at the 554 study site (Shipboard Scientific Party, 1995). This suggests incisive environmental changes in 555 the study area causing these species to disappear. It seems likely that a critical temperature 556 threshold on the occurrence of these species might have been crossed, but a lower temperature 557
limit cannot be assessed with certainty based on the limited data available. Similarly, 558
Batiacasphaera hirsuta persistently occurs with relative abundances greater than 1% of the 559 dinocyst assemblage at SSTs in excess of 20°C (Fig. 7) . In contrast to C. irregulare, C. 560 minimum, O. centrocarpum s.s., and I. elongatum, which all disappear around 10.5 Ma, B. 561 hirsuta still occurs, although sporadically and in very low numbers only, at temperatures as 562 low as 16°C until its highest occurrence (HO) in ODP Hole 907A at around 8.5 Ma (Figs. 2-563 3). Labyrinthodinium truncatum clearly shows a centre of distribution at SSTs between 16 564 and 22°C, occasionally occurring at even higher temperatures (Figs. 7 and 9 ). It has a similar 565 stratigraphic range as B. hirsuta, but in contrast to the latter it occurs continuously and in 566 greater numbers until its HO around 8.5 Ma (Fig. 3) . While the contemporaneousdisappearance suggests a similar temperature threshold for the occurrence of both species, L. 568 truncatum appears to be more tolerant towards cooler conditions than B. hirsuta judged by its 569 higher relative abundances. 570
All six Miocene species exhibit very restricted temperature ranges in ODP Hole 907A, 571 but with distinctively varying thermal affinities indicating a strong individual adaptation to 572 the warm conditions prevailing during most of the Miocene. Cerebrocysta irregulare, C. 573 minimum, O. centrocarpum s.s. and I. elongatum disappear in an interval when the first drop 574 stone is observed and temperatures constantly drop below 20°C, suggesting an intolerance 575 towards cooler conditions. Batiacasphaera hirsuta and L. truncatum occur at SSTs as low as 576 16°C, the latter probably being more tolerant to these temperatures judged by its higher 577 relative abundances. However, none of the six taxa has been recorded at temperatures lower 578 than 15°C clearly suggesting them all to be warm-water species. They all disappear from the 579
Nordic Seas and the North Atlantic in the early Late Miocene in concert with general 580
Neogene climate deterioration (Figs. 2-3) . 581
In contrast, the Batiacasphaera micropapillata complex and Reticulatosphaera 582 actinocoronata, which both range up into the Early Pliocene across the North Atlantic, occur 583 at a much broader temperature range (Figs. 7 and 9 ). The B. micropapillata complex ranges 584 from 8 to 26°C, but highest relative abundances are recorded at the warm end of the SST 585 spectrum reconstructed for Iceland Sea ODP Site 907. It contributes to the dinocyst 586 assemblage at temperatures below 10°C, but relative abundance only starts to increase at 587 SSTs > 10°C. Previous interpretations of this species complex as being warm-to cool-588 temperate based on its (paleo) biogeographic distribution ) 589 may have to be reconsidered since high relative abundances at SSTs in excess of 15°C clearly 590 suggests a warm water affinity. Reticulatosphaera actinocoronata has a similar temperature 591 range and occurs at SSTs between 9 and 25°C. Relative abundances of 2.5% and above are 592 usually associated with SST values greater than 18°C and it only occurs sporadically at 593 temperatures lower than 15°C. This indicates a lesser tolerance of this species versus colder 594 waters compared to the B. micropapillata complex, which is still common (e.g. > 10%) at 595
SSTs between 10 and 15°C (Fig 3) . In addition, R. actinocoronata disappears earlier than the 596 B. micropapillata complex across the North Atlantic during Pliocene cooling supporting the 597 interpretation of R. actinocoronata being less tolerant towards colder conditions. However, 598 both taxa tolerate a wide range of temperatures, thus favouring their cosmopolitan distribution 599 in the Neogene (see Schreck et al., 2012 , and references therein). Both species disappear in 600 the Iceland Sea during the Early Pliocene in concert with a fundamental reorganisation of the 601
Nordic Seas surface circulation De Schepper et al., 2015) . 602
Operculodinium tegillatum is only a minor constituent of the dinocyst assemblage at 603 ODP Site 907, and interpretations should thus be considered tentative. It is largely confined to 604 the Early Pliocene interval and only occurs sporadically in the warmer Miocene (Figs. 2-3) . It 605 exhibits a restricted temperature range and its occurrence is related to SSTs between 7 and 606 15°C (Figs. 7 and 9), indicating a tolerance versus cool-temperate conditions. We note, 607 however, that occurrences at both ends of the temperature spectrum are confined to very low 608 relative abundances. Contemporaneously with B. micropapillata and R. actinocoronata, this 609 species disappears at 4.5 Ma from the record of ODP Hole 907A (Fig. 3) . This disappearance 610 event has been related to a general reorganisation of surface water circulation in the entire 611
Nordic Seas (De Schepper et al., 2015) . As these changes in oceanographic conditions 612 certainly affected different surface water mass properties, it leaves the question whether 613 species disappearance is exclusively a function of temperature (e.g. cooling). As all three 614 species have slightly different thermal preferences it seems likely that other factors such as 615 salinity and nutrient availability also played a crucial role in their coeval disappearance. (Figs. 2-3) . Unfortunately, the Middle Miocene assemblage is dominated by 633 various spinous forms that could not be assigned to a particular genus but have only 634 collectively been referred to as acanthomorphic acritarchs , and are 635 hence not discussed here. 636
Lavradosphaera elongata is restricted to the Middle Miocene in ODP Site 907 and its 637 highest occurrence in the upper Serravallian (Figs. 2-3 ) has been related to the global Mi-5 638 cooling event leading to the interpretation of L. elongata being a warm-temperate species 639 (Schreck and Matthiessen, 2014) . Indeed, its occurrence is confined to SSTs higher than 20°C 640 (Figs. 8-9 ) indicating a warm water preference. It exhibits a restricted temperature range 641 between 20 and 24°C suggesting an adaptation to warmer surface waters, which likely 642 explains its disappearance during times of high latitude cooling. However, this species has 643 only been recorded in the Iceland Sea to date and relative abundances are usually low, thusconclusions should be regarded tentative until more data on its distribution are available to 645 validate the temperature range given in this study. 646
The acritarch Decahedrella martinheadii is endemic to the high northern latitudes and 647 an excellent stratigraphic marker for the Late Miocene in the Arctic and sub-arctic seas 648 The genus Cymatiosphaera has been assigned to the prasinophytes, which today forms 665 an important element of high latitude phytoplankton communities (Tyson, 1995 , and 666 references therein). In modern and Quaternary sediments, prasinophytes (in particular 667
Cymatiosphaera species) are often associated with cooler surface waters and/or less saline 668 conditions (Wall and Dale, 1974; Tappan, 1980; Sorrel et al., 2006) . In the Pliocene ofIceland Sea ODP Hole 907A, Cymatiosphaera? invaginata reaches relative abundances > 5% 670 of the total marine palynomorph assemblage at temperatures lower than 15°C (Fig. 8) , indeed 671 indicating a cold-water tolerance of this species. The Early Pliocene interval with elevated C.? 672 invaginata abundance is characterized by severe cooling (Figs. 2-3, De Schepper et al., 2015 ) 673 and increased occurrence of ice-rafted debris (Fronval and Jansen, 1996), both supporting this 674 interpretation. In the generally warmer Middle Miocene, however, it can occur at 675 temperatures of up to 26°C, but then never exceeds more than 2% of the total marine 676 palynomorph assemblage suggesting an occurrence close to its upper temperature limit. This 677 species apparently tolerates a broad range of temperatures, but relative abundances in ODP 678
Hole 907A clearly suggest an affinity for cooler surface waters. 679
680
Conclusion 681
Information on the paleoecology of extinct marine palynomorphs has been mainly derived 682 from their biogeographic distribution and thus, remained qualitative. However, the 683 combination of dinocyst and acritarch assemblages with independently derived alkenone-684 based SST estimates from the same sample presented here provide an initial quantitative 685 assessment of temperature preferences for Miocene through Pliocene species in a high latitude 686 setting. We refrain from defining exact upper and lower temperature limits for the occurrence 687 of extinct species, but provide temperature ranges in which extinct species may have occurred 688 based on independently derived SST estimates, thus improving previous qualitative 689 assignments that were solely based on biogeographic distribution. Our results indicate that: 690
• The Miocene dinocyst species Cerebrocysta irregulare, Cordosphaeridium minimum, 691
Operculodinium centrocarpum s.s., Impagidinium elongatum, Batiacasphaera hirsuta 692
and Labyrinthodinium truncatum, and the acritarch Lavradosphaera elongata are 693 restricted to a narrow temperature interval and none of these are recorded at SSTs 694 below 15°C. Therefore, these species are considered as warm-water species. Theirdisappearance during late Neogene cooling, indicated by a SST decrease and the first 696 drop stone, suggests a strong adaptation to the warmer conditions prevailing during 697 most of the Miocene. 698
• The stratigraphically higher ranging species Operculodinium? eirikianum, 699
Reticulatosphaera actinocoronata, Batiacasphaera micropapillata complex and 700
Habibacysta tectata tolerate a broader temperature range. The latter two taxa still 701 contribute to the palynomorph assemblage at temperatures below 10°C, but our data 702
indicate that H. tectata is not a cold-water species as previously suggested based on 703 (paleo)biogeographic distribution. In contrast, B. micropapillata complex may have a 704 preference for warmer surface conditions than previously suggested by biogeography. 705
Operculodinium? eirikianum is considered a cold-intolerant species that may have a 706 lower SST limit for its occurrence at around 10°C. North Atlantic and in the modern ocean. However, it rather corresponds to the warm 715 end of its distribution in the modern ocean for S. elongatus s.l. and N. labyrinthus. 716
• Compared to present-day, the extant I. pallidum does not exhibit increased relative 717 abundances at the lower end of its temperature range in both paleo-datasets, but rather 718
show a preference for somewhat warmer waters (> 10°C) in the geological past. We 719 thus question its use as a reliable cold-water indicator in pre-Quaternary sediments. 
